Abstract Surveys conducted worldwide have shown that a significant proportion of grape musts are suboptimal for yeast nutrients, especially assimilable nitrogen. Nitrogen deficiencies are linked to slow and stuck fermentations and sulphidic off-flavour formation. Nitrogen supplementation of grape musts has become common practice; however, almost no information is available on the effects of nitrogen supplementation on wine flavour. In this study, the effect of ammonium supplementation of a synthetic medium over a wide range of nitrogen values on the production of volatile and non-volatile compounds by two high-nitrogen-demand wine fermentation strains of Saccharomyces cerevisiae was determined. To facilitate this investigation, a simplified chemically defined medium that resembles the nutrient composition of grape juice was used. Analysis of variance revealed that ammonium supplementation had significant effects on the concentration of residual sugar, L-malic acid, acetic acid and glycerol but not the ethanol concentration. While choice of yeast strain significantly affected half of the aroma compounds measured, nitrogen concentrations affected 23 compounds, including medium-chain alcohols and fatty acids and their esters. Principal component analysis showed that branched-chain fatty acids and their esters were associated with low nitrogen concentrations, whereas medium-chain fatty esters and acetic acid were associated with high nitrogen concentrations.
Introduction
Saccharomyces cerevisiae yeasts require a relatively high level of nutrients to complete the fermentation of grape must, typically producing 12-15% v/v ethanol. Assimilable nitrogen has been identified as a key nutrient that is often suboptimal in many grape musts surveyed worldwide (Ough and Amerine 1988; Gockowiak and Henschke 1992; Henschke and Jiranek 1993; Butzke 1998) . A minimal concentration of more than 140 mg/L is often quoted as necessary for the fermentation of low-solids (filtered), low-temperature (<15°C), anaerobic musts of moderate sugar level (20%) (Bell and Henschke 2005) .
The principal sources of assimilable nitrogen in grape must are α-amino acids, ammonium and to a lesser extent peptides. These compounds are rapidly accumulated by yeast in the early stages of fermentation, during which they fill the biosynthetic pools of amino acids needed for protein synthesis and growth, while the surplus is stored in the cell vacuole (Bisson 1991; Salmon 1996) . Insufficient nitrogen leads to lower biomass yield which, in turn, slows fermentation rate with increased risk of sluggish or stuck fermentation. To determine the 'nutritional status' of grape must, it is necessary to measure the concentration of assimilable nitrogen. When nitrogen levels are low, it is recommended to supplement juices with diammonium phosphate (DAP) at the start of fermentation to ensure an adequate population of yeast (Bely et al. 1990; Henschke and Jiranek 1993; Henschke 1997) . Alternatively, supplementation with DAP and O 2 after one-third of the sugar has been consumed has proven to be a highly effective treatment (Sablayrolles et al. 1996; Blateyron and Sablayrolles 2001) .
In addition to regulating growth, nitrogen availability can also affect many aspects of yeast metabolism, including the formation of volatile and non-volatile compounds that are important for the organoleptic qualities of wine (reviewed by Albers et al. 1998; Bell and Henschke 2005) . The nonvolatile compounds, glycerol and the carboxylic acids malic acid, α-ketoglutaric acid and succinic acid, have all been reported to vary according to nitrogen source and concentration (Albers et al. 1996; Radler 1993; Camarasa et al. 2003) . Many of the yeast volatile compounds that contribute to wine aroma are affected by type and/or concentration of nitrogen (Bell and Henschke 2005) . The most important compounds include higher alcohols, short to medium-chain fatty acids (MCFA) and their ethyl esters and acetate esters. Ethyl esters are important for wine quality because they elicit pleasant aromas. Higher alcohols can impart alcohol or solvent odours or floral in the case of 2-phenylethanol, while MCFAs have soapy, unpleasant or rancid odours (Lambrechts and Pretorius 2000; Francis and Newton 2005 ).
An inverse relationship is generally observed between higher alcohols and initial nitrogen concentration, except at very low nitrogen levels (Äyräpää 1971; Ough and Bell 1980; Rapp and Versini 1991; Guitart et al. 1999 ; Carrau et al., submitted for publication). Ethyl and acetate esters show more complex relationships with nitrogen availability, due to their different synthetic origins, but in most studies, ethyl acetate is positively related to nitrogen concentration in the medium (Guitart et al. 1999; Hernández-Orte et al. 2002 Bell and Henschke 2005) . Likewise, volatile fatty acids show complex relationships with nitrogen due to their different synthetic origins. Acetic acid has been best studied and typically shows an inverse relationship with nitrogen availability at low to moderate nitrogen levels followed by a direct relationship at higher levels (Bely et al. 2003; Hernández-Orte et al. 2006) . Different strains of S. cerevisiae selected for winemaking vary widely in the production of volatile and nonvolatile compounds (Lambrechts and Pretorius 2000; Swiegers et al. 2005) . One report (Torrea et al. 2003) shows that, of two yeast strains studied, the strain with the highest nitrogen demand produced the highest concentration of esters during fermentation of a Chardonnay must. Carrau et al. (submitted for publication) has attributed the difference in volatile metabolite profiles between strains to the efficiency of nitrogen utilisation by the cell. Another report (Hernández-Orte et al. 2006) , in which three strains were studied in chemically defined media with different nitrogen composition, showed that quantitative differences in volatile and non-volatile compounds can result, at least for some compounds.
The implications of nitrogen supplements on fermentation kinetics are clear from the literature; however, few reports have studied the interaction between initial nitrogen concentration of the fermentation medium, yeast strain and the production of yeast volatile and non-volatile compounds. A systematic study was therefore undertaken using a simple chemically defined medium, which resembles the nutrient content of grape juice. The metabolic response of two yeast strains, both having high nitrogen demand, was characterised over a wide range of nitrogen concentrations established with ammonium. The volatile compounds were quantified using a recently developed stable isotope dilution assay ).
Materials and methods

Yeast strains and growth conditions
The strains of S. cerevisiae used in this study were AWRI 796, obtained as freeze-dried cultures from The Australian Wine Research Institute culture collection and Vitilevure M05, isolated from the commercial wine yeast prepared by Martin Vialatte OEnologie (Epernay, France). Yeast cultures were maintained at 4°C on slopes of MYPG medium (malt extract, 3 g/L; yeast extract, 3 g/L; peptone 5 g/L; glucose, 10 g/L; agar, 20 g/L). Modified chemical defined grape juice (CDGJ) medium (Henschke and Jiranek 1993) was used for synthetic wine fermentations. Modifications were based on a low-nitrogen chardonnay juice obtained from Langhorne Creek (South Australia) in 2003, which was also used in other nitrogen supplementation studies . The sugar content, 225 g/L of sugars (112.5 g/L of glucose and 112.5 g/L of fructose) and the yeast assimilable nitrogen (YAN) level were modified. To obtain a YAN level of 117 mg N/L, the following mixture of amino acids was used (values in milligrams per litre): alanine 74.4, arginine 98.5, asparagine 14.9, aspartic acid 24.9, cysteine 1.4, glutamine 111.9, glutamic acid 75.3, glycine 4.7, histidine 19.6, isoleucine 11.0, leucine 11.2, lysine 5.2, methionine 3.7, ornithine 1.1, phenylalanine 20.1, serine 50.8, threonine 48.6, tryptophan 10.9, tyrosine 18.7 and valine 18.6. The YAN content was then increased from 117 mg N/L to 150, 200, 250, 300, 350, 400 and 500 mg N/L by adding NH 4 Cl. Therefore, eight fermentations differing only in assimilable nitrogen content were carried out with each yeast strain.
Fermentation conditions
Yeast starter cultures were made in 10 mL of MYPG medium, incubated aerobically at 27°C with shaking (180 rpm). Starter cultures were used to inoculate 150 mL air-saturated CDGJ at a density of 5 × 10 6 cells/mL. Fermentations were carried out in triplicate in Erlenmeyer flasks (250 mL) fitted with a side-arm port sealed with a rubber septum for sampling and closed with airlocks. Fermentations were incubated at 18°C with shaking, and their progress was monitored by measuring the refraction index of culture supernatants. At the end of fermentation, samples were centrifuged for 5 min at 15,000×g and the cell-free supernatants were stored at 4°C for analysis.
Analytical methods
Ammonia concentration was quantified using the Glutamate Dehydrogenase Enzymatic Bioanalysis UV-method (Roche, Mannheim, Germany). Free α-amino acid nitrogen (FAN) was determined by the o-phthaldehyde/N-acetyl-L-cysteine spectrophotometric assay procedure using a Roche Cobas FARA spectrophotometric auto-analyser (Roche, Basel, Switzerland). Yeast growth was followed spectrophotometrically by absorbance at 600 nm. The concentrations of residual sugar, ethanol, glycerol, malic acid and acetic acid were measured by high-performance liquid chromatography using a Bio-Rad HPX-87H column as described previously (Nissen et al. 1997 ).
Analysis of volatile compounds
Volatile fermentation products synthesised during fermentation were analysed using headspace solid-phase microextraction coupled with gas chromatography-mass spectrometry, with polydeuterated internal standards for stable isotope dilution analysis as described previously . Twenty eight compounds, including ethyl esters and acetate esters, volatile fatty acids and higher alcohols, were quantified.
Statistical analysis
Differences between volatile and non-volatile compounds measured in fermentation samples were determined using analysis of variance (ANOVA). Principal component analysis (PCA) was used for reducing the dimensionality of data and for finding the best differentiation among samples. ANOVA analysis was performed using the Enterprise Guide 3 System Software (SAS Institute, Cary, NC, USA). PCA was carried out with Unscrambler (CAMO ASA, Oslo, Norway).
Results
Two S. cerevisiae wine strains, AWRI 796 and M05, popular for white wine production in Australia and Galicia (Spain), respectively, were chosen because both strains are considered to have relatively high nitrogen demands (see below) and their fermentation performances are considered to be more susceptible to nitrogen deficiency. Experimental wines were prepared with these yeast by fermentation of chemically defined medium containing a wide range of YAN concentrations (117, 150, 200, 250, 300, 350, 400 and 500 mg N/L) under winemaking conditions. The effect of nitrogen levels on fermentation kinetics and on the formation of volatile and non-volatile metabolic products was evaluated.
Fermentation rate and changes in YAN concentration during fermentation
The two S. cerevisiae strains showed biphasic growth responses with similar initial growth rates followed by a prolonged period of lower rates; final biomass was related to initial assimilable nitrogen concentration (data not shown). Fermentation rates increased and duration decreased in response to increased nitrogen concentrations in the fermentation medium. For AWRI 796, fermentation rates were relatively more responsive to initial nitrogen at lower nitrogen concentrations, whereas M05 were relatively more responsive to initial nitrogen at higher concentrations. Nonetheless, the duration of fermentation in response to initial nitrogen was roughly similar for each yeast and was reduced from 20 days at low nitrogen (117 and 150 mg N/L) to 16-17 days at 200 mg N/L and 12 days at high nitrogen concentrations (250 to 500 mg N/L) ( Fig. 1) .
YAN is expressed as the sum of the α-amino acid nitrogen (FAN) plus ammoniacal nitrogen. Consumption of both FAN and ammonia is shown in Fig. 1 . Both yeast exhausted FAN in all fermentations by the second day, except for AWRI 796, which only consumed a maximum of 94% of available FAN at the mid-point of the fermentation initiated with 500 mg N/L. Both yeasts excreted a small proportion of FAN (12%) during the latter phase of the fermentations initiated with 500 mg N/L.
The patterns of ammonia consumed differed for the two yeasts. In ferments inoculated with AWRI 796, ammonia was exhausted by the second day when initial nitrogen concentrations were below 300 mg N/L. For ferments containing 350 and 400 mg N/L, ammonia was completely utilised by the fourth day, while at 500 mg N/L, only 77% of the ammonia was consumed. In contrast, M05 was able to uptake all ammonium present in the medium even at the highest nitrogen level (500 mg N/L). Therefore, the maximum nitrogen assimilated by AWRI 796 was 410 mg/L, and for M05, 500 mg/L. These strains can be considered to have a high nitrogen demand (Jiranek et al. 1995a ).
Formation of non-volatile compounds in response to YAN concentration
The composition of each fermentation sampled at day 15 is shown in Table 1 . Initial nitrogen concentration had a significant effect on malic acid, acetic acid and glycerol, for both strains, and on residual sugar for M05. Nitrogen had no significant effect on ethanol concentration regardless of the wine strain used, although a slight trend to lower concentrations was observed at extreme values of nitrogen.
Malic acid consumption was similar for both yeast strains and was greater (1.3 compared to 0.6 g/L) for high initial assimilable nitrogen concentrations. Acetic acid production varied between 0.34 and 1.21 g/L, with the lowest concentrations being produced when initial nitrogen was around 200-300 mg N/L. The highest acetic acid Glycerol production ranged from 5.27 to 6.69 g/L across all fermentations but showed different production profiles depending on the yeast strain. For AWRI 796, glycerol concentration decreased with increasing nitrogen concentration. For M05, glycerol concentration initially decreased but then increased at higher nitrogen concentrations. AWRI 796 produced the highest glycerol concentration at lowest nitrogen, whilst M05 did so at highest nitrogen levels.
While AWRI 796 attained dryness (<4 g/L hexose) regardless of the initial nitrogen concentration, M05 only completed fermentation when nitrogen levels were at least 150 mg N/L. Higher nitrogen levels led to decreased residual sugar for this yeast (Table 1) .
Formation of volatile compounds in response to YAN concentration
The final concentrations of fermentation-derived volatile compounds (nine ethyl esters, nine volatile fatty acids, five higher alcohols and five acetate esters) are shown in Figs. 2 and 3. The two strains had similar profiles of higher alcohol production in response to nitrogen level and similar concentrations at the end of fermentation. For both strains, production peaked when there was 200-300 mg N/L, the lowest levels being for ferments with 400-500 mg N/L. Butanol was essentially undetected, irrespective of the nitrogen concentration. In only four out of the 16 fermentations (AWRI 796 in 350, 400 and 500 mg N/L and M05 in 500 mg N/L), the total concentration of higher alcohols was below the limit (300 mg/L) considered by some authors as detrimental for wine quality (Rapp and Mandery 1986) .
Total concentration of ethyl esters varied from 0.83 to 1.2 mg/L depending on initial nitrogen, with AWRI 796 producing significantly higher concentrations than M05. Both strains produced two peaks with respect to initial nitrogen concentration, one at 117 mg N/L and, for AWRI 796, the other at 400 mg N/L, whereas M05 produced a broad peak from 300 to 500 mg N/L. Ethyl acetate was excluded from the total sum of ethyl esters due to its distinct contribution to the aroma of wine (Torrea et al. 2003) . All ethyl esters showed significant differences (p<0.001) in fermentations inoculated with AWRI 796. In media fermented with M05, only ethyl-2-methyl propanoate and ethyl octanoate were not significantly different in response to initial nitrogen concentrations (Figs. 2b, e and 3b, e) .
The relationship between initial nitrogen concentration and concentration of MCFAs and their corresponding ethyl esters varied with yeast strain and chemical structure of the substrate (Figs. 2c and 3c ). For AWRI 796, compounds with three, four and six carbons, C3, C4 and C6, respectively, attained the highest concentration at the lowest nitrogen level, whereas for M05, these compounds together with C10 compounds showed a general increase with increasing nitrogen. AWRI 796 exhibited higher levels of these two groups of compounds than M05.
For both yeast strains, increased nitrogen supplementation resulted in a progressive decrease in the production of branched-chain acids, with the two yeast showing very similar response profiles (Figs. 2d and 3d) . For AWRI 796, the formation profile of the corresponding ethyl esters followed the same trend observed for the fatty acids (Fig. 2e) . Conversely, when fermentations were carried out with M05, the final concentration of branched-chain ethyl esters appeared not to be linked to the concentration of the corresponding fatty acids (Fig. 3e) .
The production profile of acetate esters, as well as their final concentration, varied with the yeast strain. While similar concentrations of these compounds were produced by the two yeasts at low initial nitrogen concentrations (117-150 mg N/L), AWRI 796 showed significantly higher production of these compounds when nitrogen levels were in the range of 200-500 mg N/L (Figs. 2f and 3f ). For both yeasts, production of acetate esters reached a plateau for nitrogen concentrations higher than 250 mg N/L. Moreover, in the medium containing 500 mg N/L, a decrease in the final concentration of acetate esters was observed for M05. A summary of the two-way ANOVA for each attribute and for each of the effects tested is given in Table 2 . Nitrogen level (N), replication (R), yeast strain (Y) and the interaction nitrogen level × yeast (N × Y) were tested as sources of variation. The addition of ammonium showed an effect on 23 of the 26 volatile compounds measured, whereas the yeast strain affected only 16 of these compounds. F replication values (R) for all attributes were non-significant, reflecting the reproducibility of the samples. For 16 compounds, a significant N × Y interaction was found, suggesting that the synthesis of these compounds depends on both the yeast strain and the nitrogen level in the medium.
Principal component analysis
PCA was used to identify the yeast volatile products that discriminated best among the fermentation treatments (Fig. 4) . The first principal component (PC1) accounted for 41% of the total variation, while PC2 and PC3 explained 24 and 14% of the total variation, respectively. PC1 was characterised by ethyl butanoate, ethyl octanoate and octanoic acid with positive loadings and 2-methyl butanol, 3-methyl butanoic acid and ethyl-2-methyl butanoate with negative loadings. For PC2, ethyl propanoate showed a positive loading, while 2-methyl butyl acetate exhibited a negative loading. Similarly, PC3 was characterised by decanoic acid and ethyl decanoate showing positive loadings and ethyl-3-methyl butanoate with negative loadings. Initial nitrogen concentrations had a great impact on the volatile composition of the different ferments and, therefore, on the coordinates of the yeasts in the PCA plot. The effect of nitrogen on ferments inoculated with AWRI 796 was clear when using the first two principal components. Nitrogen concentrations from 117 to 300 mg N/L caused large changes in the position of these fermentation treatments in the PCA plot. As the initial nitrogen concentration increased, these fermentations were first most associated with ethyl propanoate, then ethyl-2-methyl butanoate and finally with ethyl decanoate. Ferments initiated with nitrogen concentrations from 300 mg N/L were clustered and were most associated with ethyl butanoate, ethyl octanoate and octanoic acid.
The effect of nitrogen on volatile compounds produced by M05 was more evident when PC1 and PC3 were used. Fermentations with the lowest nitrogen level (117 mg N/L) were related to ethyl decanoate and decanoic acid, whereas those with highest nitrogen (500 mg N/L) were strongly associated to acetic acid, which enabled a clear separation of this ferment from those inoculated with AWRI 796. For a given initial nitrogen concentration, the two yeast strains were generally well apart in the PCA plot, showing that their metabolic responses to a particular nitrogen level were relatively different. Only the fermentations with 200 and 250 mg N/L, regardless of the yeast strain, were close together, indicating that, at these concentrations, nitrogen minimises the differential characteristics of the wine strains.
Discussion
Although it has been reported that the nitrogen content of grape juice can vary over a very wide range (60-2,400 mg N/L; Henschke and Jiranek 1993), few studies have investigated the impact of severe nitrogen limitation on yeast metabolism. Nevertheless, various surveys from different grape-growing regions (Ough and Amerine 1988; Gockowiak and Henschke 1992; Henschke and Jiranek 1993; Butzke 1998 ) have reported a relatively high occurrence of grapes with YAN values lower that 140 mg/L, a value often quoted as the minimum nitrogen requirement for yeast to reliably complete alcoholic fermentation of clarified juice of around 20% sugar content (Agenbach 1977; Bely et al. 1990; Butzke 1998; Bell and Henschke 2005). In the present study, the effect of nitrogen on the metabolism of two commercially available wine yeasts regarded as having high demand for assimilable nitrogen (manufacturers' information) was investigated. The levels of nitrogen used covered a fivefold range of concentrations, from 117 to 500 mg/L YAN).
Even though both yeast strains are regarded as having high nitrogen demand under commercial winemaking conditions, nitrogen was fully depleted from all fermentations except for the AWRI 796 samples containing 500 mg N/L. Other authors have also observed variability in nitrogen demands for wine yeasts (Jiranek et al. 1990; Ough et al. 1991; Henschke and Jiranek 1993; Jiranek et al. 1995a; Mauricio et al. 1993; Manginot et al. 1998; Julien et al. 2000; Mendes-Ferreira et al. 2004) .
Maximum nitrogen was consumed during the middle stage of fermentation, which could best be observed in the highest nitrogen medium (500 mg N/L) tested. AWRI 796 consumed 410 mg N/L and M05 500 mg N/L, which places these two strains at the high end of the range based on estimates of yeast nitrogen demand calculated from published data (Ough et al. 1991; Jiranek et al. 1995a ). Other methods to estimate nitrogen demand confirm the relatively high nitrogen requiring status of AWRI 796 (Manginot et al. 1998; Jiranek et al. 1995b; Julien et al. 2000) .
After 6 days of fermentation, both M05 and AWRI 796 strains released nitrogen into the medium containing, initially, 500 mg N/L. Nitrogen release is usually observed in the later stages of fermentation (Ough et al. 1991; Monteiro and Bisson 1992; Ancin et al. 1996) and is attributed to increasing membrane permeability and decreasing solute active transport caused by high accumulated ethanol concentrations (Salgueiro et al. 1988) . Recently, Valero et al. (2003) proposed that certain amino acids are actively released as a mechanism for NAD(P)H reoxidation.
Wine residual sugar was not significantly related to initial nitrogen content of the medium for AWRI 796; however, strain M05, which had the highest nitrogen demand of the two yeasts, produced a stuck fermentation (6.49 g/L residual sugar) at the lowest level of nitrogen tested (117 mg N/L). Although more yeasts would have to be examined, this result suggests that higher nitrogen demand results in early depletion of a key fermentation nutrient, thereby increasing the risk of incomplete fermen- tation. These data are consistent with the general observation that most yeasts require approximately 140 mg N/L to complete fermentation under conditions of moderate sugar concentration and anaerobic, filtered medium. No relationship has, however, been found between maximum nitrogen demand and the minimum required for complete fermentation by genetically distinct yeasts (Jiranek et al. 1991; Manginot et al. 1998; Julien et al. 2000; Bell and Henschke 2005) . These data also confirm the observation that low nitrogen ferments are generally characterised by continuously slow, essentially linear rates of sugar consumption, which may or may not lead to a stuck (incomplete) fermentation (Jiranek et al. 1991; Blateyron and Sablayrolles 2001) . This low rate of fermentation has been attributed to low biomass (Varela et al. 2004 ). Among the non-volatile products analysed, only glycerol production differed between the two yeast strains. Because glycerol formation is the result of redox balance and stress response, particularly with regard to osmoregulation (Hohmann 1997; Remize et al. 2003) , the difference between the strains suggests different sensitivities of the two pathways that are linked to glycerol production, particularly in low nitrogen media. Furthermore, the production patterns of other significant redox-driven products, higher alcohols and acetic acid, do not account for the large difference in glycerol production by the two yeasts; therefore, other genes or pathways for glycerol metabolism, as suggested by others (Albers et al. 1998; Eglinton et al. 2002; Pahlman et al. 2001; Remize et al. 2003) , might be involved.
Besides the known effect on fermentation rate and on residual sugar, nitrogen had a considerable impact on the concentration of volatile fermentation products. Individual or families of volatile products are discussed below. Fig. 4 PCA of volatile fermentation products. Scores and loading for the first three principal components. E-acetate, ethyl acetate; Epropanoate, ethyl propanoate; E-2-M-propanoate, ethyl 2-methyl propanoate; E-butanoate, ethyl butanoate; E-2-M butanoate, ethyl 2-methyl butanoate; E-3-M-butanoate, ethyl 3-methyl butanoate; Ehexanoate, ethyl hexanoate; E-octanoate, ethyl octanoate; E-dodecanoate, ethyl dodecanoate; 2-M-propanoic, 2-methyl propanoic acid; butanoic, butanoic acid; 2-M-butanoic, 2-methyl butanoic acid; 3-Mbutanoic, 3-methylbutanoic acid; hexanoic, hexanoic acid; octanoic, octanoic acid; decanoic, decanoic acid; propanoic, propanoic acid; 2-M-propanol, 2-methyl propanol; 2-M-butanol, 2-methylbutanol; 3-M-butanol, 3-methylbutanol; 2-phenylEtOH, 2-phenylethanol; 2-Mpropyl ace, 2-methyl propyl acetate; 2-M-butyl ace, 2-methyl butyl acetate; 3-M-butyl ace, 3-methyl butyl acetate; phenyl-E-ace, phenylethyl acetate
Acetic acid
The two strains tested in this study showed different patterns of acetic acid production in response to nitrogen supplementation. The behaviour of AWRI 796 was consistent with previous observations of Bely et al. (2003) . According to these authors, increasing nitrogen availability increases NADH production, which in turn reduces the need of the cell to produce acetate to control redox balance. It is not clear, however, which factors are responsible for the increase of acetic acid observed at higher YAN levels for both yeasts studied here. In the case of M05, variations in the production of acetic acid were small in the mid-range of nitrogen supplementation, whereas high levels of nitrogen (500 mg N/L) resulted in extremely high production of acetic acid. This excessive production of acetic acid by M05 in high-nitrogen media might represent, at least in part, a redox balancing reaction in response to high glycerol production, which generates a net deficit of NADH. Clearly, these two strains exhibit contrasting responses to high nitrogen availability, which has important implications for the wine fermentation conducted with different nitrogen levels.
Higher alcohols and acetate esters
Higher alcohols can be produced from either amino acids or sugars, the latter accounting for most of the alcohols produced during alcoholic fermentation of medium containing a mixture of ammonium and amino acids as nitrogen source (Äyräpää 1971; Chen 1978) . Using isotopically labelled amino acids, Oshita et al. (1995) have shown that, in medium containing low YAN, surplus α-ketoacids (mainly synthesised from sugars) are excreted as higher alcohols, due to the shortage of α-amino nitrogen required for the transamination step of amino acid biosynthesis. At higher YAN, sufficient nitrogen is available for amino acid biosynthesis, which reduces the surplus of α-ketoacids and, hence, the higher alcohols produced (Oshita et al. 1995) . However, the pattern of formation of higher alcohols observed in this study indicates that, when YAN is increased by adding ammonium, the production of alcohols initially increases but then tends to decrease after a peak between 200 and 300 mg N/L, depending on the strain used. A similar pattern was observed by Äyräpää (1967, 1971) and Carrau et al. (submitted for publication). Recent findings have shown that expression of genes involved in amino acid biosynthesis (LEU1, LEU2, BAT1 and BAT2) is initially enhanced when nitrogen is increased from very low levels but is then repressed at higher nitrogen additions (Yoshimoto et al. 2002) . This pattern of gene expression related to isoamyl alcohol might explain the positive relationship between higher alcohol production and nitrogen in the low-nitrogen media of this study. However, in high-nitrogen media, surplus nitrogen might be available for transamination reactions thereby lowering net higher alcohol production, as reported by Oshita et al. (1995) . The discrepancy between our data and those of several previously published studies that report an inverse relationship between the production of higher alcohols and nitrogen (Vos et al. 1980; Ough and Bell 1980) can be explained by the fact that the present experiments used much lower levels of nitrogen than in previous work (reviewed by Rapp and Versini 1991) . Results presented here are consistent with those of Carrau et al. (submitted for publication) in which a very wide range of nitrogen concentration, including very low levels, was used.
High levels of branched-chain higher alcohols are generally considered detrimental for wine quality, as these compounds can mask the fruity aromas (Rapp and Mandery 1986) . Therefore, on the basis of the evidence presented herein, the observation of Rapp and Versini (1991) that ammonium supplementation can improve wine sensory quality by reducing higher alcohol production should be taken cautiously, as it might apply only to fermentations with initial YAN levels greater than 200 mg N/L.
Although derived directly from the corresponding higher alcohol through condensation with acetyl-CoA, the production of acetate esters differed significantly from the alcohols in response to nitrogen supplementation. Several studies on the formation of acetates of branched-chain alcohols have shown that the final concentration of these compounds is the result of the balance between of alcohol acyl transferase enzymes promoting acetates biosynthesis and esterase enzymes promoting their hydrolysis (Mauricio et al. 1993; Vianna and Ebeler 2001) . Yoshimoto et al. (2002) observed that increased nitrogen availability promotes the expression of the ATF1 and ATF2 genes, which encode the alcohol acyl transferase enzymes. This can partially explain the results observed in our study regarding the increased production of acetate esters at higher nitrogen levels. The relative drop of acetate esters observed for M05 at very high nitrogen levels might reflect either reduced alcohol acyl transferase or increased esterase activity for this strain under those conditions (Fukuda et al. 1998) . While production of acetates of branched-chain alcohols was similar across the range of nitrogen supplementations, 2-phenylethyl acetate showed a different production pattern, as for both yeasts this compound decreased with increasing nitrogen concentration. A similar effect was reported by other authors (Hernández-Orte et al. 2005 . Interestingly, the production pattern of the precursor 2-phenylethanol was similar to those of other alcohols. A possible explanation for this is that, while the production of branched-chain alcohols and acetates is linked to amino acid biosynthesis, synthesis of aromatic alcohols is also linked to the production of pyridine nucleotide coenzymes (Panozzo et al. 2002) .
MCFA and MCFA ethyl esters
The addition of nitrogen in the form of ammonium had a strong impact on the total concentration of MCFAs and of their esters in the final wines. Individual compounds showed different responses to variation in the initial concentration of nitrogen compounds in the medium. Because C 3 and C 4 compounds are derived, at least in part, from α-ketobutyrate (Eden et al. 2001 ) instead of coenzyme A, differences in their production compared with longer-chain compounds can be expected, as was especially evident with AWRI 796. The differences observed between the other compounds appear harder to explain, as they are all thought to arise from the same metabolic pathway, and therefore, a similar response to nitrogen supplementation could be expected. Nevertheless, as the pattern of formation of the esters was similar to that of the acids, it is likely that the regulatory mechanisms responsible for the trends observed in this study are active at the level of fatty acid biosynthesis rather than esterification (Saerens et al. 2006) , in contrast to the observed trend in the formation of acetate esters from higher alcohols. It is also interesting to observe that, whereas in some treatments, AWRI 796 produced between three and four times more MCFA than M05, in these same treatments, MCFA ethyl esters never exceeded double the concentration found in AWRI 796 fermented wines. Although substrate availability has been suggested as a major limiting factor in MCFA ethyl ester synthesis in yeast (Saerens et al. 2006) , these data indicate that the rate of conversion of MCFA into their corresponding ethyl esters is also strongly dependent on the yeast strain. Differences in expression of the ethyl ester synthetic genes EHT1 and EEB1 or regulation of the balance between their ester synthetic and esterase activities could be involved. Finally, increasing YAN levels resulted in a decrease in the production of C6 acid and ester by AWRI 796 but not M05. Hernández-Orte et al. (2005 also observed a strong influence of the yeast strain on the production of this compound at different nitrogen levels, with some strains producing less at high YAN.
Branched-chain acids and ethyl esters
Increased addition of nitrogen resulted in a reduction in the final concentration of branched-chain acids. While a similar trend was observed for both yeast strains, the patterns of formation of the corresponding ethyl esters differed considerably between AWRI 796 and M05, particularly for ethyl 2-methylpropanoate and ethyl-2-methylbutanoate. Only a few studies have focused on the production of these compounds during fermentation under different conditions of nitrogen supplementation. Nevertheless, recent findings have shown that, because of their particularly low odour threshold (between 1 and 18 μg/L), ethyl esters of branched-chain acids can be important contributors to wine flavour (Guth 1997; Aznar et al. 2001) . The observation of a strong influence of nitrogen supplementation on their formation during alcoholic fermentation suggest the need for further research on the factors controlling the production of branched-chain ethyl esters and their precursor acids by wine yeasts.
A metabolomic profiling approach has recently been used in this laboratory to discriminate between yeast strains on the basis of volatile metabolites (Howell et al. 2006) . In the present study a subset of volatile compounds was used to describe some of the inter-strain differences. AWRI 796 was associated with ethyl propanoate, ethyl-2-methyl butanoate and ethyl decanoate production in low-nitrogen fermentations, whereas the long-chain fatty acid esters, ethyl butanoate and ethyl octanoate, and corresponding acid, octanoic acid, were most evident in higher nitrogen ferments. Yeast M05 was associated with decanoic acid and its ethyl ester at low nitrogen, short-chain acids and alcohols at moderate nitrogen and acetic acid at high nitrogen. The two yeasts showed greatest similarity in metabolite production when fermenting a medium with moderate nitrogen levels. It is interesting to note that some of the volatiles associated with sensory descriptors in Chardonnay wines, such as the alcohols 2-phenylethanol, 2-methylpropanol and 2-and 3-methylbutanol; the ethyl esters ethyl-2-methyl propanoate, ethyl-2-methyl butanoate, ethyl-3-methyl butanoate, ethyl hexanoate, ethyl octanoate and ethyl decanoate; the acetate esters, 2-methylbutyl acetate and 3-methylbutyl acetate; and the acids hexanoic, octanoic and decanoic acids Francis and Newton 2005) , not only responded to nitrogen but also helped to discriminate between the two strains. These data therefore provide good evidence that not only would the two strains induce sensory differences between their wines but that the nitrogen level of the fermentation would also alter the sensory character of the wines. Furthermore, Torrea et al. (2005) have reported that supplementation of a Chardonnay juice with DAP altered the ester, acid and higher alcohol profile of the wines produced by fermentation and produced significant sensory differences as determined by a trained sensory panel.
Conclusions
This study shows that the initial nitrogen concentration of a fermentation strongly modulates wine composition in a strain-dependent manner. For some compounds, the influence of nitrogen is relatively similar for the two strains, whereas for other compounds, considerable differences were observed. Because some of the volatile and nonvolatile compounds studied in this work contribute to the sensory profile of wine, manipulating the nitrogen concentration of juice by supplementation with, for example, DAP, provides winemakers with a potential means to modulate wine flavour and magnify the different sensory profiles of individual yeast strains. Winemakers need to balance the amount of nitrogen required to attain dryness and the nitrogen level needed to obtain certain sensory profiles, also keeping in mind that an over addition might generate undesirable aromas or flavours.
